IMPORTANCE Necrotizing enterocolitis (NEC) is a major cause of neonatal morbidity and mortality. Preventive and therapeutic research, surveillance, and quality improvement initiatives are hindered by variations in case definitions.
N ecrotizing enterocolitis (NEC) is a serious gastrointestinal inflammatory disease predominantly but not exclusively affecting the preterm infant. Presenting signs are often nonspecific, and diagnosis of lesser degrees of disease severity can be difficult. The lack of a consistent case definition adds to the difficulties of determining true disease burden, synthesizing the results of clinical trials, progressing preventive and therapeutic research, and evaluating the effectiveness of quality improvement interventions. Commonly used definitions include that of the Vermont Oxford Network 1 and Bell staging criteria 2, 3 ; of note is that the latter was developed as a criterion for staging after the diagnosis was made, not as a case definition. Other definitions include those from the US Centers for Disease Control and Prevention 4 and varying groupings of clinical and radiological findings used by individual study authors. [5] [6] [7] [8] None of these definitions are evidence-based or validated or incorporate gestational age (GA), although this influences the risk of NEC. 9 Our aim was to develop a GA-specific case definition for NEC to facilitate research, surveillance, and quality improvement.
Methods

Study Design, Data Source, and Regulatory Approvals
This study has been reported according to Standards for Reporting Diagnostic Accuracy Studies guidelines. 10 Daily clinical information on infants admitted to neonatal units in England is recorded in a point-of-care, clinician-entered electronic patient record. A defined data extract, the Neonatal Data Set (National Health Service Information Standard ISB1595) is transmitted quarterly to the Neonatal Data Analysis Unit at the Imperial College London and Chelsea and Westminster Hospital National Health Service Foundation Trust in London, England, where patient episodes across different hospitals are merged and data are cleaned and entered into the National Neonatal Research Database (NNRD). 11 More than 400 data items are held on the NNRD and comprise static basic demographic details (eg, month and year of birth, birth weight, and gestational age) applicable to all infants, episodic data (eg, blood culture, clinical outcomes, and diagnoses), and daily data (eg, respiratory support, feeding, surgical procedures, and drugs received). Each data item is clearly defined in an accompanying meta-data set and mapped to existing national standards as well as International Classification 
Data Extraction
From the NNRD, we extracted data on all infants who had clinical and AXR findings recorded between November 2011 and September 2014. These findings comprised demographic data (eg, GA and birth weight); diagnoses; procedures; clinical opinion on the certainty of NEC diagnosis; whether NEC was confirmed by visual inspection of bowel, histology and/or autopsy; and daily NEC treatment (medical or surgical). Diagnoses of NEC were made by local clinical and surgical teams across 163 neonatal units and 21 surgical centers. Spontaneous intestinal perforation was considered a distinct entity and was not included in the NEC analyses.
We identified infants who received a laparotomy and in whom the diagnosis of NEC was either confirmed or refuted and infants without laparotomy for whom the final diagnosis was considered unequivocally yes or no by the attending clinician; data were excluded if the diagnosis of NEC was uncertain. For infants who received a laparotomy, we included information from the first AXR image indicating that a laparotomy had been performed. For infants who did not undergo a laparotomy but had multiple AXR images, we used computer-generated code to select 1 image at random for each infant. We performed internal cross-validation for the outcomes of NEC or no NEC by comparing these data with other data held on the infant (eg, diagnoses, daily NEC diagnosis, and procedures) and excluded infants for whom data were inconsistent. For the infants retained in the analysis, we noted the following variables: GA, birth weight, clinical findings (increased and/or bilious aspirates, blood in stool, mucus in stool, abdominal discoloration, abdominal distension, abdominal mass, and abdominal tenderness) and radiological findings (gasless, portal venous gas, fixed loop, pneumatosis, and pneumoperitoneum). We categorized GA into groups (group 1, less than 26 weeks' GA; group 2, 26 to less than 30 weeks' GA; group 3, 30 to less than 37 weeks' GA; group 4, 37 or more weeks' GA). We calculated birth weight
Key Points
Question Is it possible to develop a case definition for necrotizing enterocolitis (NEC) that discriminates between infants with and without the disease?
Findings In this population study using data from 3866 infants, we developed a simple NEC score associated with the probability of NEC and identified gestational age-specific cutoff points. Less mature infants are less likely to present with pneumatosis or blood or mucus in their stool and more likely to present with gasless abdominal radiography findings.
Meaning Consistent application of a gestational age-specific case definition offers an opportunity to strengthen global efforts to reduce the burden of neonatal NEC.
Statistical Methods
We investigated whether presentation of NEC varied with GA by comparing clinical and radiological findings among infants with and without NEC using the χ 2 and Fisher exact tests, as appropriate. For each clinical and radiological sign, we determined the odds ratio for NEC, sensitivity, specificity, positive predictive value (PPV), and area under the receiver operating characteristic curve (AUC). We split the data set at random using a computer-generated code into model development and validation data sets of equal size. On the model development data set, we used stepwise logistic regression to determine the model that best predicted the probability of NEC. We assessed the quality of this prediction model using the validation data set. We replicated this procedure 1000 times. All available covariates (clinical and radiological findings, birth weight, and GA) were entered into the model, and the covariate with the lowest absolute t ratio was removed at each step. Model fitting and validation were performed 1000 times and the resulting predictions averaged. We calculated the absolute deviation, 12 defined as the difference between the probability of NEC based on the model (in the range from 0 to 1 for every infant) and the diagnosis of NEC (1 for NEC and 0 for no NEC). Infants with an absolute deviation greater than 0.5 were considered to have an incorrect prediction. We selected the model with the lowest rate of incorrect predictions. To determine the points allocated for the clinical and/or radiological signs in an ordinal NEC score, we rounded the coefficients from the model up or down to an integer and assessed the corresponding AUC and PPV. For each GA group, we found the cut point, which minimized misclassification 13 by applying 2 conditions: (1) a PPV exceeding 60% with (2) the highest AUC.
We conducted a sensitivity analysis by applying the definition only to infants who had their diagnoses confirmed by laparotomy. Finally, we compared the performance of the case definition with that from the Vermont Oxford Network, 1 defined as at least 1 clinical sign (bilious aspirate or vomiting, abdominal distension, or blood in the stool) and at least 1 radiological finding (pneumatosis, hepatobiliary gas, or pneumoperitoneum). All analyses were performed in R and Stata version 11.0 (StataCorp). Statistical significance was set at P < .05.
Results
We (Table 1) . Among infants without NEC, the most frequent clinical findings were abdominal distension and increased and/or bilious aspirates (Table 1 ). In the whole cohort, a gasless abdomen, portal venous gas, abdominal mass, fixed loop, pneumoperitoneum, and mucus in the stool were rare findings, with prevalences below 10%. Except for gasless abdomen and abdominal mass, all other findings were significantly different between infants with and without NEC (Table 1) . No single clinical or radiological finding discriminated between infants with and without NEC, as evidenced by the relatively low AUC. Even pneumatosis, which on its own increased the odds of NEC 76-fold, had an AUC of only 71%. In subsequent analyses, we found that the prediction of NEC was improved using combinations of clinical signs and AXR findings. Comparing infants in group 1 with group 3, infants with NEC born at lower GAs were less likely to present with pneumatosis (31.1% vs 47.2%; P = .01), blood in stool (11.8% vs 29.6%; P < .001), or mucus in stool (2.1% vs 5.6%; P = .048) but more likely to present with gasless AXR findings (6.3% vs 0.9%; P = .009) compared with more mature infants with NEC ( Figure 2 ).
Predictive Model for NEC and Ordinal NEC Score
We grouped 3 radiological findings (pneumoperitoneum, fixed loop, and portal venous gas), each with a very low frequency, to create a new variable, PFP, assigning a value of 1 if 1 or more of these variables were present and a value of 0 if none were present. We grouped 2 clinical findings (increased and/or bilious aspirates and abdominal distension), each with relatively high frequencies, into another variable, AA, assigning a value of 1 if both findings were present and a value of 0 otherwise. The model with the lowest rate of incorrect predictions included 6 variables (blood in stool, abdominal discoloration, abdominal tenderness, pneumatosis, PFP, and AA) and GA group. The coefficients were roughly in the proportion 3:2:1 for pneumatosis (3.855), blood in stool (2.760) , and the other signs (1.46 for abdominal discoloration, 1.46 for abdominal tenderness, 1.65 for 1 or more of PFP, and 0.83 for AA). Therefore, to create an ordinal NEC score, we allocated 3 points to pneumatosis and 2 points to blood in stool. One point each was allocated to abdominal tenderness discoloration, abdominal tenderness, PFP, and AA. The sum of points provided the ordinal NEC score. This had an AUC of 0.88 (95% CI, 0.86-0.89), indicating that it discriminated well between infants with and without NEC.
GA-Specific NEC Score Cut Points
The NEC scores were perfectly aligned with the corresponding PPV (ie, the higher the score, the higher the PPV) but not with the AUC (Table 2) . Applying the 2 conditions of highest AUC and PPV yielded the same cut point of 2 for GA groups 1 and 2 but different cut points for GA groups 3 and 4. A cut point of 2 provided the highest AUC for GA group 3, but the PPV was only 41.0%; therefore, we selected a cut point of 3 (PPV, 70.7%), with the trade-off of a slightly lower AUC (80% vs 84%). Similarly, for GA group 4, we selected a cut point of 4 even though a cut point of 2 provided the highest AUC because the PPV was only 8.3%, again accepting a slightly lower AUC (75% vs 84%). The final cut points for the NEC score were 2 for GA groups 1 and 2, 3 for GA group 3, and 4 for GA group 4. Applying this to the entire data set yielded a sensitivity of 66.2% (95% CI, 63.0-69.4), a specificity of 94.4% (95% CI, 93.2-95.4), an AUC of 80.0% (95% CI, 79-82), and a PPV of 85.5% (95% CI, 82.6-88.1). Figure 3 provides a schematic summary of the NEC score, its use in a dichotomous case definition with GA-specific cut points, and GA-specific probability plots. Abbreviations: AUC, area under the receiver operating characteristic curve; NEC, necrotizing enterocolitis; PPV, positive predictive value.
Comparison With Vermont Oxford Network Definition
The estimated misclassification rates for applying our NEC score and the Vermont Oxford Network definition were 10.5% and 13.7%, respectively. The difference between the estimated error rates was 3.1%, which was statistically significant (P < .001). The Vermont Oxford Network definition applied to the entire data set yielded a sensitivity of 49.7% (95% CI, 46.3-53.0), a specificity of 97.2% (95% CI, 97. 6-97.8) , an AUC of 73.0% (95% CI, 72.0-75.0), and a PPV of 84.2% (95% CI, 80.7-87.2); the subset of infants who underwent a laparotomy yielded a sensitivity of 68.1% (95% CI, 61.3-74.5), a specificity of 71.8% (95% CI, 65.5-77.6), an AUC of 70.0% (95% CI, 66.0-74.0), and a PPV of 68.5% (95% CI, 61.6-74.8) (eTable in the Supplement).
Discussion
Using a large population sample, we confirmed previous observations that risk and clinical presentation of NEC are associated with GA. 9 We showed that a combination of findings rather than a single clinical or AXR finding provided the highest diagnostic accuracy. We developed an ordinal NEC score corresponding to the GA-specific probability of NEC, a dichotomous case 
Negative for NEC
The clinical findings of blood in stool, abdominal discoloration, abdominal tenderness, and the grouped variable of increased and/or bilious aspirates and abdominal distension were included in the final model, as were the radiologic findings of pneumatosis and the grouped variable of pneumoperitoneum, fixed loop, and portal venous gas. Gestational age (GA) group 1 included infants with less than 26 weeks' GA; group 2, infants with 26 to less than 30 weeks' GA; group 3, infants with 30 to less than 37 weeks' GA; and group 4, 37 or more weeks' GA.
definition with GA-specific cutoffs, and showed that these perform favorably compared with the widely used Vermont Oxford case definition. Because our aim was to develop a simple and pragmatic case definition suitable for widespread clinical application, we concluded that it was worth sacrificing some precision to develop a case definition that would be easy to use. Therefore, the coefficients in the model were rounded up or down to an integer to create an ordinal NEC score.
The strength of our study is that it is based on a large population data set using information captured as part of each infant's clinical care. In contrast to widely used criteria, such as the Vermont Oxford case definition and Bell staging, we incorporated GA into our case definition. Of note is that our conclusions remained robust to the sensitivity analysis performed on the subset of infants who received a laparotomy in whom the diagnosis was secure. We also noted that restricting analysis to infants with NEC confirmed at laparotomy would not represent the population for which the case definition is intended. Until there is a reliable noninvasive diagnostic test or biomarker for the disease in infants who do not receive a laparotomy, this challenge cannot be overcome. This study was based on a pragmatic design using a comprehensive national data set.
The 2 conditions used to select the cut point for the dichotomous case definition were selected a priori. The highest AUC (maximum sensitivity and specificity) was applied to avoid overreporting and underreporting, as false negatives and false positives are viewed as equally important when developing a case definition for which the primary purpose is use in clinical research, surveillance, and quality improvement as opposed to clinical treatment decisions. The AUC is a tradeoff between sensitivity and specificity, and therefore, we applied the second condition requiring the PPV to exceed 60%. 
